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^^This  report  is  an  overview  of  the  subject  of  slllclde  formation  by  thin 
metal  films  reacting  with  a Si  substrate. 
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Ing  can  Interfere  with  the  kinetics, 
composition  of  the  compounds  formed. 

The  second  section  treats  marker  experiments  of  various  kinds  (implanted 
inert  gas  atoms,  deposited  inert  metal  islands,  radioactlvely  marked  atoms  and 
compound  layers).  The  results  of  these  experiments  are  discussed,  and  it  is 
shown  how  atomic  dif fusivities  can  be  derived  from  marker  experiments. 

The  third  section  deals  with  the  formation  process  Itself.  The  role  of 
the  solubilities  and  dif fusivities  of  the  elements  in  each  other,  and  in  the 
compounds,  are  discussed.  The  energy  of  formation  of  the  slllcides  are  compared 
with  the  types  of  slllcides  actually  observed.  It  is  noted  that  kinetics  of 
atomic  movements  and  the  crystal  structure  of  the  compounds  must  be  considered 
to  come  to  an  understanding  of  the  slllcides  observed.  A central  question  is 
that  of  nucleatlon  and  which  phase  the  nucleation  process  will  favor. 

The  work  points  out  the  need  for  a better  understanding  of  the  mfeker 
experiments  of  the  microstructure  of  the  slllcides  and  their  dominant  mfects, 
as  well  as  a clarification  of  the  process  of  nucleation  \ 
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5.  Conclusion 


1 Introduction 


The  recent  Impetus  for  studying  slllclde  formation  is  due  to  the 
requirements  placed  on  the  performance  of  Integrated  circuits.  It  now 
appears  that  one  of  the  limiting  factors  in  achieving  high  production 
yield  and  high  device  reliability  lies  in  the  choice  of  the  metallization 
scheme.  The  problem  arises  from  the  requirements  for  a controlled  con- 
tact at  the  semiconductor-metal  interface  and  for  a low  resistance  metal 
that  does  not  lead  to  voltage  drop  across  the  contact.  One  must  realize 
that  there  are  practical  reasons  for  the  choice  of  a particular  metalliza- 
tion scheme.  A concept  which  is  feasible  under  research  laboratory  con- 
ditions may  not  be  adaptable  to  production  requirements  where  high  yield 
is  required.  The  metallization  must  also  be  compatable  with  the  proces- 
sing temperature  and  packaging  structure.  Since  every  production  line  has 
a somewhat  different  process  control  it  is  difficult  to  give  specific  de- 
tails on  all  the  constraints  imposed  on  the  metallization.  Instead  we 
will  give  some  general  guidelines  for  the  selection  of  metals  used  to 
make  contacts. 

Figure  1 shows  schematically  an  FET  with  a heavily  doped  source  and 
drain  and  a lightly  doped  channel  connecting  the  source  and  drain.  The 
contact  to  the  source  and  drain  and  to  the  channel  may  have  a different 
structure  but  Ideally  the  same  metallization  is  used  for  both.  In  early 
devices,  the  Junction  regions  made  by  diffusion  were  located  several  mi- 
crons below  the  surface.  There  were  not  many  constraints  on  metallization 
other  than  adhesion,  barrier  height,  low  electrical  resistance  and  high 
corrosion  resistance.  In  these  aspects,  aluminum  was  Ideal.  Because  of 
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the  relatively  large  device  dimensions,  the  dissolution  of  Si  Into  Al  and 
the  consequent  penetration  into  51  around  the  periphery  of  the  contact 
caused  relatively  few  problems  in  shorting  the  junction.  However,  as  de 
vice  dimensions  decrease  and  junction  depths  become  shallow  It  is  obvious 
that  Che  Al  penetration  problem  can  no  longer  be  tolerated. 

The  design  philosophy  next  Introduced  was  to  use  a slliclde  foimins 
metal  (1-4)  to  produce  a uniform  laver  with  controlled  barrier  height  anc 
good  adhesion  to  Si  and  then  a second  metal,  typically  Al,  Au  or  W to  pro- 
vide the  low  resistance  path.  The  thickness  of  the  slliclde  layer  is  typi- 
cally leas  than  lOOOA  and  only  a few  hundred  A of  Si  is  consumed  in  forming 
the  slliclde.  The  purpose  of  the  slliclde  layer  is  not  only  to  provide  a 
good  Schottky  barrier  but  also  to  prevent  the  reaction  between  Al  and  Si. 

But  unfortunately,  Al  also  reacts  with  slliclde  layer  (5,6)  and  hence  a dif- 
fusion barrier  layer  must  be  Interposed  between  the  slliclde  and  the  Al. 

This  structure  is  shown  in  the  insert  in  Fig.  1.  In  order  to  give  a feeling 
of  how  such  a three-layer  structure  is  fabricated,  we  show  some  typical  pro- 
cessing steps  in  Fig.  2.  Again  we  emphasize  that  each  production  line  may 
use  a slightly  different  temperature  and  sequence,  and  the  lithography, 
etching  and  pattern  definition  steps  also  differ  from  one  production  line 
to  another.  We  will  show  only  the  general  principles  in  the  following. 

The  metallization  process  step  used  in  forming  the  gate  contact  to 
the  channel  region  of  an  FET  is  shown  in  Fig.  2.  Before  deposition,  ^ig. 

2a,  there  is  a native  oxide  layer  on  the  Si  surface  in  the  window  opened 
by  etching  the  thick  oxide  layer.  It  is  this  native  oxide  layer  which 
has  caused  many  of  the  problems  associated  with  contact  metallization. 

One  of  the  requirements  for  any  contact  metal  is  that  the  metal  roust  be 
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able  to  penetrate  this  oxide  layer  whose  thickness  may  range  between  15 
to  50A.  It  has  been  found  that  some  metals,  such  as  Ft  and  Pd,  can 
readily  penetrate  this  thin  oxide  layer  to  form  slliclde  layers. 

We  will  Illustrate  the  metallization  scheme  by  platinum  slliclde 
which  Is  probably  the  most  generally  used  contact  material  In  Integrated 
circuits.  During  the  deposition  of  Ft,  the  substrate  Is  sometimes  main- 
tained at  an  elevated  temperature  around  300° C and  subsequently  sintered 
at  an  elevated  temperature  of  SSO'C  to  complete  the  slliclde  formation. 
After  sintering,  the  structure  shown  In  Fig.  2b  Is  composed  of  a thin 
slliclde  layer  (about  lOOOA  thickness  for  a 500A  Ft  layer)  with  a thin 
oxide  on  top.  This  thin  oxide  layer  Is  composed  of  elements  either  from 
the  original  native  oxide  layer,  or  Introduced  during  deposition  and  sin- 
tering. (7)  Since  silicon  Is  a necessary  Ingredient  In  the  formation  of 
this  oxide  layer  and  since  Ft  does  not  react  with  thick  SIO2  layers,  the 
layer  Is  formed  only  above  the  slliclde  region  but  not  on  the  Ft  layer 
over  the  thick  oxide.  The  excess  Ft  Is  removed  by  aqua  regia  etching. 

The  thin  oxide  layer  prevents  dissolution  of  the  slliclde  during  the  aqua 
regia  etching  step. 

In  the  next  general  step,  the  thin  oxide  layer  Is  removed  with  a 
buffered  IIF  solution,  then  the  barrier  and  A1  layer  are  deposited.  In 
general,  another  heat  treatment  step  around  4S0*C  is  required  at  this 
point  to  penetrate  any  oxide  layer  between  the  metal  films  and  to  pro- 
duce a low  resistance  contact.  It  Is  because  of  this  second  heat  treat- 
ment step  that  the  barrier  layer  Is  Introduced  to  prevent  the  A1  from 
penetrating  the  Ft  slliclde  layer. 

The  general  requirement  for  any  contact  Is  that  there  must  be  a 
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uniform  and  limited  reaction  between  the  two  layers  in  contact.  A re- 
action is  required  to  make  sure  that  there  is  an  intimate  contact  and 
adhesion.  We  use  the  word  "limited"  to  imply  that  there  is  no  long 
range  atomic  migration  that  could  lead  to  film  penetration  or  junction 
shorts.  The  requirement  for  uniformity  arises  from  the  fact  that  deep 
penetration  can  start  at  localized  points  due  to  Interface  instability. 

If  such  localized  penetration  does  occur,  severe  pitting  will  result 
since  all  the  reaction  produced  must  originate  from  a localized  region. 
This  is  referred  to  as  a spike  formation.  Figure  3 shows  two  SEll  pic- 
tures of  spike  formation  around  the  periphery  of  a contact  area.  (7a) 
These  pictures  were  obtained  from  a specimen  of  A1  on  Si  which  was  sin- 
tered at  450“C  for  1 hour  in  H2  ambient  and  followed  by  the  removal  of 
the  metal  electrode. 

In  the  following  sections  we  will  neglect  many  of  the  problems  en- 
countered in  the  lithography  used  in  pattern  formation  in  order  to  empha- 
size the  major  features  of  siliclde  formation;  mechanism  of  phase  forma- 
tion, kinetics  of  reaction  in  terms  of  time  and  temperature,  reaction 
with  oxide  layer  and  Influence  of  oxygen  in  the  ambient. 

Although  we  have  emphasized  the  technological  aspects  of  siliclde 
formation,  the  reactions  between  transition  metals  and  silicon  are  of 
interest  in  their  own  right.  In  contrast  to  the  case  of  bimetallic  thin 
film  reactions,  in  siliclde  formation,  one  deals  with  a fine-grained 
metallic  thin  film  in  contact  with  a single  crystal  covalently  bonded 
semiconductor.  One  might  anticipate  that  the  crystal  orientation  and 
the  ffllcroatrucCure  of  siliclde  might  play  a role.  Since  it  is  known 
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CliaC  slllclde  fomatlon  can  occur  at  a temperature  as  low  as  lUO’C, 

(8-9),  it  is  also  interesting  to  investigate  the  physical  raeclianlsm 
which  is  responsible  for  breaking  the  covalent  bonds  in  Si.  At  this 
low  reaction  temperature,  the  growth  phase  may  be  determined  by  the  reac- 
tion kinetics  rather  than  thermodynamic  driving  forces. 

2 Analysis  of  Slllclde  Formation 
2.1  Sample  Preparation 

In  this  section  we  adopt  a different  viewpoint  than  that  for  device 
production  and  consider  the  most  basic  aspects  of  slllclde  formation. 
Rather  than  follow  the  constraints  imposed  by  production  requirements 
with  narrow  openings  in  the  oxide  layer  and  the  associated  stress  and 
coverage  problems  around  the  periphery  of  the  openings,  we  deal  with  large 
area  deposition.  Then  too  we  assume  that  enough  effort  has  been  made 
to  remove  Interfaclal  oxide  and  to  achieve  oxygen  free  thin  film  deposi- 
tion. In  subsequent  heat  treatments,  either  a vacuum  better  than  10  ^ 

Torr  or  a purified  flowing  atmosphere  of  He  or  other  inert  gas  is  used. 
Although  all  these  precautions  may  not  reproduce  the  exact  situation  in 
the  production  line,  they  do  make  it  possible  to  achieve  reproducible  ex- 
perimental results.  We  will  return  to  the  discussion  of  practical  aspects 
of  slllclde  formation  In  the  end  of  this  section. 

Typically  the  thin  films  are  deposited  In  a electron  beam  deposition 
system  under  dry  conditions.  Although  elevated  temperature  substrates 
are  sometimes  employed,  often  the  substrates  are  maintained  at  ambient 
temperature  during  deposition.  The  film  thickness  generally  rangea  from 
SOO  to  2000A.  The  substrates  are  In  most  cases  SI  wafers  with  a polished 
surface  of  device  quality  such  as  those  used  In  Integrated  circuit  device 


fabrication.  Immediately  before  being  placed  In  the  deposition  chamber, 
the  wafers  are  Immersed  in  a buffered  HF  solution  and  rinsed  by  deionized 
H2O  and  blown  dry.  In  certain  situations,  the  wafers  are  sputter  etched 
before  metal  deposition  when  it  is  suspected  that  the  native  oxygen  on 
the  wafer  may  interfere  with  the  sillclde  formation.  (10) 

2.2  Experimental  Analysis  Techniques 

The  analytical  techniques  used  to  determine  the  structure  of  deposited 
films  and  phase  changes  resulting  from  heat  treatment  have  been  described 
by  a number  of  authors  in  the  open  literature.  Obviously,  it  is  advan- 
tageous to  apply  more  than  one  analytical  technique  to  analyze  any  given 
film  structure.  Rather  than  describing  all  the  different  techniques  again, 
we  will  only  mention  some  of  the  more  common  techniques  used  today  in  the 
majority  of  sllicide  studies.  We  will  not  describe  these  techniques  in 
detail  but  will  try  to  cover  some  of  the  strong  points  and  limitations  of 
these  techniques  from  the  standpoint  of  information  that  can  be  gained 
from  sillcide  formation. 

Identification  of  phases  is  provided  by  glancing  angle  x-ray  diffrac- 
tion. The  diffraction  patterns  can  be  obtained  either  in  a camera  or  a 
diffractometer.  (11,12)  The  advantages  of  a camera  are  simplicity  and 
speed.  As  shown  in  Fig.  4 which  is  an  x-ray  diffraction  pattern  of  a 
NISI  film  obtained  with  a Read  camera,  (12)  it  has  sufficient  sensitivity 
to  identify  phases  present  In  films  a few  thousand  A thick.  Quantitative 
Infomatlon  about  peak  Intensity  and  line  broadening  as  well  as  phase 
Identification  can  be  provided  by  a diffractometer.  Figure  3 shows  a 
glancing  angle  x-ray  diffraction  spectrum  from  N1  deposited  on  Si  and 
heat  treated  at  250‘'C  for  24  hours.  The  NI2SI  phase  can  be  Identified  by 
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more  than  12  of  its  reflections.  Also  present  In  the  spectrum  are 
reflections  of  the  residue  Ni,  but  no  reflections  of  other  phases  can 
be  detected. 

The  sensitivity  of  both  glancing  angle  x-ray  techniques  Is  approxi- 
mately 200A.  Consequently  in  utilization  of  x-ray  diffraction  we  are 
studying  the  growth  phase  of  the  slllclde  which  has  a thickness  dimension 
over  200A.  This  growth  phase  is  not  necessarily  the  first  phase  nucleated 
at  the  metal-silicon  interface  during  the  Initial  heat  treatment.  To 
study  the  very  early  stage  of  growth,  transmission  electron  microscopy 
(TEM)  could  be  used.  At  present,  such  a study  has  not  been  carried  out 
and  the  TEII  technique  has  been  used  primarily  in  microstructure  measurement 
and  identification  of  defects  and  epitaxial  orientation  relations.  (13-15) 
Figure  6 shows  transmission  electron  micrographs  and  diffraction  patterns 
of  thin  Hl2Si  films  grown  on  (100)  and  (111)  Si. 

To  obtain  growth  kinetics  and  the  chemical  composition  of  the  phases, 
it  is  customary  to  use  Rutherford  ion  backscatterlng  (16)  or  Auger  elec- 
tron spectroscopy  (AES)  combined  with  sputtering.  (17)  The  advantage  of 
Rutherford  backscatterlng  is  that  it  provides  a fast  measurement  of  the 
thickness  and  composition  of  the  growth  phase.  From  spectra  such  as  shown 
in  Fig.  7,  one  can  measure  the  energy  width  of  the  phase  to  determine  its 
thickness  and  the  ratio  of  the  spectrum  heights  in  the  Nl  and  Si  signals 
Co  give  Che  composiCion  ratio. 

A llmltsCion  of  beckacatterlng  Is  that 
it  is  difficult  to  make  a positive  Identification  of  composition  of  phases 
of  less  than  200A  Chick  when  they  era  located  at  the  meCal-Si  Intarfaca 
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several  thousands  A below  the  top  surface  of  the  metallic  film.  In  this 
respect  again,  we  Investigate  the  growth  phase  of  slllclde  formation 
' rather  than  the  nucleatlon  of  the  slllclde. 

) The  backseat terlng  technique  Is  not  sensitive  to  the  presence  of  low 

I 

mass  Impurities  In  the  slllclde.  This  Information  as  well  as  the  thick- 
ness and  composition  of  slllclde  can  be  obtained  from  AES  measurements. 

I The  Auger  depth  profiles  of  a sample  of  N1  on  SI  before  and  after  the  re- 

action at  250°C  for  1 hour  to  form  NI2SI  are  shown  In  Fig.  8.  In  these 
I profiles,  there  are  problems  associated  with  establishing  the  absolute 

depth  scale  and  ensuring  that  the  sputtering  does  not  change  the  compo- 

! sltlon  of  the  eroded  surface.  On  the  other  hand.  It  Is 

\ 

possible  to  look  at  the  shifts  In  the  peak  position  In  the  Auger  spectrum 
to  obtain  Information  on  the  chemical  bonds  of  the  species.  To  date  the 
fullest  advantage  of  this  approach  has  not  been  taken. 

2.3  Examples  of  Slllclde  Formation 
Three  examples  of  slllclde  formation  are  given  In  the  following.  The 
formation  of  nickel  slllcides  will  be  discussed  first  and  followed  by  haf- 
nium slllclde  and  vanadium  slllclde.  The  growth  of  slllcides  in  these  three 
examples  are  quite  different.  The  first  phase  formation  In  the  nickel  case 
Is  a nlckel-rlch  slllclde,  HI2SI.  In  the  case  of  hafnium.  It  Is  the  mono- 
sllicide,  HfSl,  forms  first.  However,  vanadium  is  found  to  react  with  Si 
to  form  dlaillcide,  VSi2,  without  being  preceded  by  the  formation  of  a 
monosillclde  or  a metal-rich  alllclde. 

2,3a  Nickel  on  Silicon 


The  formation  of  nickel  slllclde  between  a film  of  N1  and  a SI  wafer 
axhlblta  a sequential  growth  of  three  phases;  NI2SI,  NISI  and  NISI2.  (18) 
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Figure  9 shows  examples  In  which  Nl^Sl  and  NISI  are  formed.  At  higher 
temperatures  NISI2  is  formed  and  has  been  shown  to  grow  epitaxially  on 
SI.  The  growth  of  the  phase  NI2SI  Is  Initiated  at  the  Interface  between 
N1  and  SI  at  temperatures  from  200*C  to  3S0*C  as  shown  In  Fig.  9.  The 
growth  kinetics  of  NI2SI  follows  a parabolic  relation  between  thickness 
of  NI2SI  and  annealing  time  as  shown  In  Fig.  10.  One  also  observes  that 
the  growth  rate  of  NI2SI  at  27S*C  Is  a factor  of  2 greater  on  (100) 
oriented  SI  substrates  than  on  (111)  substrates.  TEM  studies  have  Indi- 
cated that  there  Is  a difference  In  the  micros tructure  of  slllclde  formed 

on  (100)  and  (111)  SI.  (15)  The  activation  energy  of  the  formation  of 

i 

I NI2SI  has  a value  of  15  ± 0.2  eV  over  the  temperature  range  from  200*’C 

to  325” C,  see  Fig.  11.  This  figure  shows  that  the  activation  energies 

do  not  differ  remarkably  between  (100)  and  (111)  SI. 

Similar  studies  of  kinetics  have  not  been  carried  out  for  the  growth 

of  the  two  higher  temperature  phases,  NISI  and  NISI2.  The  transfonaation 

of  NI2SI  Into  NISI  Is  Initiated  at  the  Interface  between  SI  and  HI2SI. 

The  transformation  Is  found  to  accompany  a stress  change  from  compression 

10  2 

In  NI2SI  to  tension  In  NISI.  (19)  The  stress  level  Is  about  10  dynes/cm  . 
The  formation  of  NISI  Is  very  fast  at  temperatures  above  350*C  and  the 
phase  Is  stable  up  to  750*C.  At  higher  temperature  than  750*C  epitaxial 
growth  of  NISI2  has  been  found  on  (111),  (110)  and  (100)  SI.  The  epitaxial 
orientation  relationship  has  bean  determined  by  channeling  studies  using 
MeV  lie  Ion  and  by  reflection  electron  diffraction.  (18) 

2.3b  Hafnium  on  Silicon 

The  reaction  of  Hf  with  SI  raprmaents  a cMe  where  the  metal-rich 

slllcldas  shown  In  the  equilibrium  phase  dlacrams  are  not  the  growth  phase 

i 
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observed.  (10)  The  reaction  occurs  at  a much  higher  temperature  than  that 
for  the  growth  of  raetal-rlch  slllcldes,  such  as  HI2SI,  and  the  first  phase 
formed  Is  the  monoslllclde , llfSl.  The  loonoslllclde  Is  stable  from  525“C 
to  700°C  and  at  temperatures  from  750®C  to  990®C  It  transforms  to  the  dl- 
slllclde,  H£Sl2. 

The  growth  kinetics  for  the  formation  of  HfSl  are  shown  In  Fig.  12 
for  a 1500A  Hf  film  on  (100)  and  (111)  SI.  The  growth  follows  a parabolic 
relation  and  there  is  no  pronounced  influence  of  the  substrate  orientation 
on  the  formation  kinetics.  The  activation  energy  for  HfSi  growth  was  de- 
termined to  be  2.5  eV  as  shown  in  Fig,  13.  This  activation  energy  is 
about  1 eV  larger  than  that  found  for  the  case  of  Ni2Si. 

The  formation  of  HfSi2  is  different  from  that  of  HfSi  which  forms  as 
a uniform  layer  between  the  hafnium  and  silicon.  The  disilicide  HfSi2 
does  not  form  a uniform  layer  but  rather  grows  in  randomly  localized  re- 
gions throughout  the  HfSl.  (10)  Because  of  this  non-uniform  growth,  it 
was  not  possible  to  determine  the  growth  kinetics. 

2.3c  Vanadium  on  Silicon 

The  reactions  of  V with  Si  produces  the  disilicide  as  the  only  growth 
phase.  (20,21)  The  initial  growth  of  VSi2  follows  a linear  growth  rate 
as  shown  in  Fig.  lA.  For  longer  times  there  is  a deviation  from  the  li- 
near growth  rate.  It  was  found  that  the  presence  of  oxygen  can  slow 
down  the  growth  rate  of  VSl2,  so  it  was  suggested  that  the  deviation  shown 
in  Fig.  lA  was  due  to  contamination  of  oxygen  introduced  into  the  film 
during  deposition  and  subsequent  anneals.  A general  consequence  of  a 
linear  growth  behavior  is  that  the  linear  region  will  gradually  change  to 
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a parabolic  region  when  the  growth  becomes  limited  by  diffusion  through 
the  growth  layer.  However  In  the  case  of  the  growth  of  VSI2,  experi- 
ments with  films  containing  different  Impurities  showed  that  the  de- 
parture from  linear  growth  was  due  to  the  presence  of  Impurities. 

The  formation  of  vanadium  slllclde  represents  the  situation  where  Che 
end  phase,  the  dlslllclde,  is  also  the  dominant  growth  phase.  In  the  other 
examples  cited  In  the  above,  the  formation  of  dlslllclde  was  preceded  by 
Che  formation  of  a roonoslliclde  or  a metal-rlch  slllclde.  Of  Che  examples 
shown,  the  growth  of  VSI2  was  the  only  case  in  which  a linear  rather  than 
a parabolic  growth  rate  was  found, 

2.4  Summary  of  Slllclde  Formation 

In  Che  phase  diagrams  of  meCal-Sl  systems.  In  general,  there  are  more 
than  three  slllcldes  formed.  One  general  observation  Is  that  not  all  Che 
equilibrium  phases  are  present  as  the  dominant  growth  phase  during  slll- 
clde formation  In  chin  film  systems.  We  do  not  Imply  that  some  of  Che 
equilibrium  phases  can  not  nucleate  but  only  that  they  do  not  grow  Co  a 
macroscopic  dimension  greater  Chan  Che  few  hundred  A which  can  be  detected 
by  the  techniques  mentioned  In  the  previous  section.  The  examples  shown 
in  the  preceding  sections  were  chosen  as  representative  of  Che  three  broad 
classes  of  slllclde  formation  observed  In  structures  composed  of  metal 
thin  films  on  single  crystal  silicon;  the  metal-rlch  slllclde,  typically 
M2SI,  the  monoslllclde,  MSI  and  the  dlslllclde,  MSI2. 

Table  I shows  the  general  pattern  of  slllclde  formation.  The  slll- 
cldes listed  In  the  right  hand  columns  are  chosen  as  epeclflc  examples 
of  the  phase  formation  for  the  elaoMnts  shown  In  the  left  column.  The 
phase  formation 'proceeds  from  left  to  right  In  each  row  with  the  more 


15. 


metal-rich  slliclde  forming  first.  In  all  cases,  the  final  phase  (most 
right-handed  entry  in  each  row  in  the  Table)  represents  the  end  phase 
between  Si  and  the  metal  shown  in  the  equilibrium  phase  diagram.  For 
the  case  of  Mg  only  one  phase  is  found  in  the  phase  diagram.  For  the 
refractory  metals,  many  phases  exist  in  their  phase  diagram  (22),  yet 
only  the  disllicide  is  found. 

2.4a  Metal-rich  Silicides 

A survey  of  sillcide  formation  in  metal-rich  silicides  is  given  in 
Table  II.  One  notes  that  the  growth  kinetics  follows  a parabolic  law 
with  an  activation  energy  around  1.5eV.  The  formation  temperature  for 
all  five  silicides  starts  around  200*C  with  the  notable  exception  of 
Co2Si  which  is  at  350°C.  At  the  present  time,  we  do  not  know  the  reason 
for  this  high  formation  temperature  and  note  that  sillcide  formation  of 
Co2Si  has  been  checked  independently  in  three  different  laboratories 
(Caltech,  IBM,  Phillips).  On  the  other  hand  all  the  surface  preparation 
and  deposition  systems  were  basically  the  same  and  it  is  possible  that 
an  alternative  preparation  technique  might  lead  to  a lower  formation 
temperature. 

2.4b  Monosillcldes 

The  formation  of  monosillcldes  shown  in  Table  III  is  also  charac- 
terized by  a parabolic  growth  rate  with  an  activation  energy  of  1.6  to 
2.5eV.  The  latter  number  appears  higher  than  the  general  trend.  The 
formation  temperature  for  raonoslllcldes  is  higher  than  that  for  the 
metal-rich  sillcide  and  generally  occurs  above  ISO'C.  A notable  excep- 
tion is  PdSi  which  forms  above  700”C.  This  must  imply  that  the  precur- 
sary  phase  PdjSi  is  extremely  stable.  We  comment  that  in  at  least  three 
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cases,  Ni,  Co  and  Pt,  it  la  possible  to  have  the  metal-rlch  slllclde 
formed  as  a layer  between  the  metal  and  the  roonoslllclde.  In  other 
cases,  such  as  Hf  and  Rh,  the  monoslllclde  is  the  first  phase  growth 
observed  In  the  slllclde.  In  the  case  of  Tl,  It  Is  the  dlslllclde  that 
Is  generally  observed  as  the  growth  phase.  However,  x-ray  diffraction 
has  recently  Indicated  that  TlSl  Is  formed  prior  to  the  growth  of  the 
dlslllclde.  (23) 

2.4c  Dlsilicides 

Table  IV  summarizes  the  formation  of  the  dlslllclde  phase  observed 
in  the  growth  of  slllclde  layers.  The  formation  temperature  is  around 
600*C  except  for  CrSi2  which  forms  around  450*C.  The  activation  energy 
of  formation  Is  high,  ranging  from  1.7  to  3.2eV.  The  dlsilicides  of 
three  metals,  Nl,  Co  and  Fe  are  found  to  grow  epitaxially  on  Si  substrates. 
In  these  cases,  the  dlslllclde  has  a close  lattice  match  with  the  SI. 

The  dlslllclde  of  the  refractory  metals  tends  to  have  a linear 
growth  curve  In  the  early  stage  of  reaction  when  It  Is  the  first  growth 
phase.  It  is  difficult  In  some  cases  to  obtain  a clean  measurement  of 
the  growth  kinetics  because  of  the  Influence  of  oxygen  contamination  as 
found  for  VSi2  and  CrSl2»  For  refractory  metals,  the  presence  of  a thin 
Interfaclal  oxide  layer  between  the  metal  and  Si  can  Impede  the  slllclde 
formation  as  has  been  directly  shown  in  the  case  of  Cr  on  SI. 

2.5  Practical  Aspects 

In  this  section,  we  would  like  to  return  to  a few  practical  aspects 
of  slllclde  formation  that  are  encountered  either  In  tlM  production  en- 
vironment or  In  the  choice  of  a metallization  scheias.  We  will  not  cover 
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all  aspects  since  each  device  has  Its  ovm  particular  requlreToents,  fur- 
ther, we  will  not  cover  some  areas  such  as  corrosion,  adhesion,  litho- 
graphic and  lift-off  steps.  Instead  we  will  treat  two  topics  in  which 
there  have  been  some  published  work  related  to  the  basics  of  silicide 
formation  as  discussed  in  the  preceding  sections. 

2.5a  Oxygen  Ambient 

Oxygen  and  water  vapor  are  universal  contaminants  in  deposition  systems 
and  thermal  processing  ambients.  We  have  earlier  pointed  out  that  the  pre- 
sence of  oxygen  in  a metal  film  can  retard  the  growth  of  the  silicide.  A 
more  general  phenomenon  is  the  presence  of  some  oxygen  in  the  heat  treatment 
processing  atmosphere.  Since  silicon  oxidizes  readily,  one  may  anticipate 
that  oxide  layers  are  formed  at  the  top  surface  of  silicide  layer  when 
oxygen  or  water  vapor  are  present. 

It  has  been  clearly  established  that  oxide  layers  are  formed  near 
the  top  surface  of  PtSl.  (24)  As  we  have  pointed  out  in  section  1 
the  presence  of  this  oxide  layer  is  often  used  to  protect  the  PtSi  during 
etching  processes. 

If  excessive  amounts  of  oxygen  are  present  in  the  heat  treatment 
ambient  it  is  possible  to  form  an  oxide  layer  well  below  the  Pt  sur- 
face. (7)  The  structure  of  the  silicide  layer  is  shown  in  Fig.  IS  for 
silicide  layers  either  formed  in  an  oxygen  ambient  or  post-annealed  in 
oxygen.  The  preaence  of  auch  oxide  layera  below  the  Pt  surface  can  lead 
to  undeairable  side  effects  such  as  poor  adhesion  and  poor  electrical 
contact.  This  outer  Pt  and  oxide  layer  must  be  etched  away  before  the 
next  metal  layer  deposition.  The  formation  of  oxide  layers  la  a rather 
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general  phenomena  during  slllclde  formation  and  one  must  anticipate  that 
oxide  layer  removal  steps  should  be  Included  in  the  development  of  slll- 
cide  as  one  of  the  metallization  steps. 

2.5b  Reaction  with  Oxide  Layer 

Ilany  of  the  transition  elements  can  form  sllicldes  when  in  contact 
with  SIO2  as  well  as  Si.  We  can  broadly  classify  the  reaction  between 
metals  and  SIO^  as  shown  in  Table  V,  Gold  shows  no  tendency  to  form 
oxide  and  Au-silicldes  are  unstable.  However,  gold  in  contact  with  thin 
oxide  layers  can  cause  dissolution  of  the  oxide  when  heated  above  the 
Au>Sl  eutectic  point.  The  mechanism  is  that  Au  penetrates  the  thin 
oxide  and  reacts  with  the  underlying  Si  layer  to  form  a eutectic  in  liquid 
form  which  wets  the  Si02  and  leads  to  dissolution.  (25,26)  Aluminum  on 
the  other  hand  can  form  an  oxide  layer  and  when  A1  is  deposited  on  SIO2 
a strong  adhesion  is  obtained.  We  suspect  that  this  is  due  to  the  re- 
action between  A1  and  Si02  to  form  the  strong  Al-0  bonds  at  the  Interface. 

Pt  and  Pd  themselves  do  not  form  oxide  layers  easily  and  consequently 
their  adhesion  to  thick  layers  of  Si02  is  rather  poor.  However,  when  these 
metals  are  In  contact  with  a thin  native  oxide  on  Si,  sillcide  formation  can 
still  occur  at  low  temperatures.  In  these  cases,  we  believe  tl.t  reaction  is 
similar  to  that  with  Au  in  that  the  Pt  or  Pd  can  penetrate  the  thin  oxide 
layer  and  form  a sillcide  at  the  Si-oxide  interface  and  at  the  same  time 
break  up  Che  oxide.  But  if  the  oxide  is  too  thick  it  will  form  a diffusion 
barrier  to  prevent  the  sillcide  from  formation. 

Tlie  refractory  matals  such  as  Cr,  Ti  and  V form  both  oxides  and  sili- 
cides.  When  deposited  on  thick  oxide  layers  they  develop  strong  adhesive 
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bonds.  In  face  Cr  and  Ti  are  often  used  as  a glue  layer  between  oxide 
layer  and  less  adhesive  metals.  On  the  other  hand,  since  these  metals  do 
form  oxide  layers  the  metal  oxide  becomes  a diffusion  barrier  for  further 
reaction  between  the  metal  and  Si02.  It  has  been  shown  that  silicide 
layers  can  be  formed  under  this  condition  but  generally  at  temperatures 
lOO'C  to  200‘’C  above  that  where  the  metal  reacts  with  bare  Si,  i.e.  700 
to  900°C  rather  than  bOO'C.  In  addition  (20,21,27)  the  silicide  formed 
is  generally  metal-rich,  for  example,  V^Si  is  formed  rather  than  VSi^. 

Table  VI  summarizes  the  reaction  products  of  Ti,  V and  Nb  on  Si  and  SiO^ 
substrates.  Marker  experiments  (see  next  section)  on  the  reaction  between 
V and  SIO^  has  shown  that  V is  moving  species  in  V^Si  formation  (28)  rather 
than  Si  as  was  found  in  VSi2.  We  believe  that  this  represents  a rather 
general  condition  where  the  metal  species  must  diffuse  through  the  growing 
metal-rich  silicide  so  that  the  metal  atoms  can  reach  the  reaction  front 
at  the  sillcide-SiO^  interface. 

3 Marker  Motion 

3.1  Ideal  Marker 

In  our  discussion  so  far  we  have  not  identified  whether  Si  or  metal 
atoms  move  across  the  silicide  layer  during  the  growth  of  the  layer.  The 
fact  that  growth  occurs  implies  that  one  or  both  of  the  species  arc  trans- 
ported to  either  the  metal-slllcide  or  Si-sillcide  interface.  However,  it 
is  impossible  to  determine  the  identity  of  the  diffusing  species  with- 
out some  form  of  marker  experiments. 
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The  initial  experiments  with  a diffusion  marker  were  carried  out  in 
bulk  samples  by  Kirkendall  and  Smlgelskas.  (49)  In  these  bulk  diffusion 
couples,  the  faster  of  the  diffusing  species  is  identified  by  the  dlrec- 
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Cion  of  dlsplacencnt  of  embedded  wire  markers  of  mils  In  diameter.  In 
chin  films  which  are  a few  thousand  A thick,  Che  concept  of  embedded 
wire  marker  must  be  scaled  down  In  dimension.  One  requires  markers 
that  are  a few  hundred  A in  dimension  chat  do  not  Influence  the  kinetics 
of  slliclde  growth.  Ideally,  the  marker  should  also  be  inert,  l.e.  should 
not  react  with  Si  or  Che  metal  at  the  sllicide  growth  temperature,  and 
should  remain  iimnobile  as  Che  diffusing  species  streams  by. 

An  additional  constraint  is  that  the  marker  should  be  located  within 
the  slliclde  layer  to  avoid  possible  Influence  due  to  the  presence  of 
interfaces.  As  shown  in  Fig.  16,  if  the  metal  atoms  are  the  diffusing 
species,  the  marker  will  be  displaced  toward  the  top  surface  of  the  film. 
Conversely,  if  Si  atoms  are  predominantly  Che  moving  species,  Che  marker 
will  be  displaced  deeper  into  the  sample.  If  both  species  are  moving, 
it  is  possible  to  have  relatively  small  displacement  of  the  marker  during 
the  sllicide  growth.  Under  this  condition,  as  shown  by  Darken* s analysis 
(50),  Che  relative  displacement  of  Che  marker  can  be  used  to  determine 
the  difference  in  the  fluxes  of  the  two  diffusing  species. 

3.2  Interface  Drag 

If  the  marker  la  locatel  near  the  interface,  the  marker  can  be  dragged 
along  by  the  interface  irrespective  of  the  direction  of  the  net  flux  of  the 
diffusing  species.  Figure  17  shows  an  idaallzed  case  with  a spherical 
marker  located  at  the  interface  between  the  Si  and  Che  sllicide  layer. 

Since  Che  interface  moves  as  a result  of  reaction  occuring  at  the  interface, 
the  question  whether  or  not  the  marker  can  be  buried  within  the  slliclde 
depends  upon  the  relative  magnitude  of  interfacial  energies  "o"  per  unit 
area  in  the  vicinity  of  the  marker.  If  the  following  energy  equation  is 
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satisfied,  the  marker  will  be  dragged  by  the  advancing  interface. 

2 2 2 

2TTr  + ■nr  ± 2iTr  (1) 

wliere  r is  the  radius  of  the  spherical  marker  and  0^,  and  are 
the  specific  Interfacial  energies  between  Si  and  marker,  Si  and  silicide, 
and  silicide  and  marker,  respectively.  In  other  words,  even  if  the  metal 
atoms  are  the  diffusing  species,  the  marker  can  be  dragged  deeper  into 
the  sample  if  too  much  energy  is  required  to  break  away  from  the  inter- 
face. An  associated  phenomenon  is  found  in  oxidation  of  silicon  where 
n-type  dopants  are  dragged  by  the  advancing  oxide  front  deeper  into  the 
sample.  (51)  This  snow-plow  effect  is  caused  by  the  small  solubility  of 
the  dopant  within  the  oxide  layer.  However,  at  the  relatively  low  tempera- 
tures of  silicide  formation,  it  is  not  appropriate  to  consider  the  solu- 
bility of  the  marker  where  as  in  high  temperature  oxidation  the  segrega- 
tion effect  can  play  a significant  role. 

Let  us  consider  a marker  located  at  the  Si-silicide  interface  which 
moves  with  the  interface.  We  will  show  that  it  is  impossible  to  determine 
which  species  is  moving  across  the  silicide  layer  during  growth.  If  Si 
is  the  dominant  diffusing  species,  growth  of  the  silicide  occurs  at  the 
metal-silicide  interface  and  some  motion  of  Si  occurs  at  the  boundary  of 
the  marker  as  shown  in  Fig.  18a.  This  is  the  situation  predicted  even  if 
no  marker-drag  occurs.  If  the  metal  atoms  are  the  diffusing  species  and 
Interface  drag  occurs,  silicide  growth  takes  place  at  the  silicon-silicide 
interface  and  also  at  the  marker-slllcide  Interface,  To  accomplish  this 
again  some  Si  transport  must  occur  around  the  boundary  of  the  marker,  as 
shown  lln  Fig,  18b.  The  net  results,  however,  is  that  the  marker  is  dis- 
placed deeper  into  the  sample  as  would  have  occurred  if  Si  atoms  were  the 
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diffusing  species. 

Similar  argument  can  be  applied  to  the  raetal-silicide  interface.  If 
marker  drag  occurs,  it  is  still  not  possible  to  determine  which  species  is 
moving  across  the  sllicide.  These  arguments  imply  that  if  the  marker  posi- 
tion coincides  with  the  interface  position  during  silicide  growth,  one 
must  be  cautious  about  interpreting  the  identity  of  the  diffusing  species. 

3.3  Actual  Experiments 

In  practice,  there  are  experimental  difficulties  associated  with  intro- 
ducing a detectable  marker  into  a thin  film  structure.  One  of  the  diffi- 
culties is  to  achieve  the  right  dimension  of  the  marker  and  another  is  to 
avoid  forming  an  oxide  layer  at  the  position  of  the  marker.  In  the  latter 
case,  it  is  not  easy  to  do  processing  of  a silicide,  to  Introduce  a marker 
and  then  to  redeposlt  a metal  for  subsequent  reaction.  This  approach  is 
generally  tried  first;  however,  it  has  been  observed  that  the  reaction 
stops  at  the  Interface  between  the  oxide  and  the  newly  deposited  metal. 

Ue  can  anticipate  that  sputter  cleaning  before  metal  deposition  could  be 
used  to  overcome  the  problem  associated  with  the  oxide.  To  date,  there 
have  been  two  concepts  that  have  been  applied  to  inert  marker  study:  im- 
plantation of  inert  gas  atoms  (52)  and  deposition  of  a discontinuous  W 
layer.  (53) 

3.3a  Implanted  Marker 

In  this  work  an  inert  gas  such  as  Ar  or  Xe  is  implanted  into  the 
Si  surface.  The  Si  sample  must  then  be  annealed  to  temperatures  above 
600*C  to  reorder  the  implanted  layer  and  remove  the  major  amount  of  im- 
plantation induced  defect  structures.  During  this  heat  treatment,  it 
has  been  shown  for  the  case  of  Xe  that  Xe  bubbles  of  50A  to  lOOA  in 
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diameter  are  formed.  (54)  After  this  Implantation  step  the  Si  surface 
must  be  etched  to  remove  any  oxide  or  hydrocarbon  layers.  Following  the 
surface  cleaning  step,  a metal  layer  is  deposited  on  the  sample.  Figure 
19  sliox;s  in  the  uppper  portion  the  backseat  ter  ing  spectra  from  a Xe  marker 
implanted  sample  of  N1  on  Si  before  and  after  the  formation  of  Nl2Si. 

After  sillclde  formation,  the  Xe  marker  is  burled  within  the  slliclde  and 
displaced  toward  the  surface.  The  lower  portion  of  Fig.  19  shows  the 
amount  of  the  displacement  of  the  Xe  marker  against  the  siliclde  thicknes- 
ses. These  results  show  that  Interface  drag  did  not  occur  and  Ni  is  the 
dominant  diffusing  species. 

If  Si  is  the  moving  species,  when  the  advancing  sillclde  front  reaches 
the  implanted  marker,  the  marker  will  move  deeper  into  the  sample  at  the 
position  of  the  interface.  To  determine  the  identity  of  the  moving  spe- 
cies it  is  then  necessary  to  Implant  markers  into  the  deposited  metal 
layer.  Then  during  silicide  growth,  as  the  slllclde-metal  Interface  ad- 
vances to  the  marker,  if  the  marker  becomes  burled,  its  position  will  be 
shifted  deeper  into  the  sample,  indicating  that  Si  is  the  dominant  dif- 
fusing species. 

\iith  high  energy  implantation,  0.5  to  10  MeV,  it  is  possible  to 
partially  form  the  silicide  and  then  implant  through  the  remaining  metal 
into  the  slliclde.  To  date  there  have  been  no  reported  results  of  this 
method  of  marker  Implantation  within  the  sillclde  layer. 

One  of  the  disadvantages  in  using  backseat terlng  techniques  to  de- 
tect the  implanted  marker  is  that  the  atomic  mass  of  the  marker  atoms  must 
be  selected  so  that  the  signal  from  the  marker  occurs  in  a region  In  the 
energy  spectrum  that  is  free  from  the  signal  from  the  SI  or  the  metal 
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atoms.  Preliminary  experiments  have  shown  that  this  problem  can  be  over- 
come by  the  use  of  Auger  depth  profiling  measurements. 

3.3b  Deposited  Marker 

Another  approach  is  to  deposit  small  and  Isolated  islands  of  an 
inert  metal  on  the  Si  surface  followed  by  a cleaning  of  the  Si  surface 
and  deposition  of  the  silicide  forming  metal.  The  islands  of  the  metal 
marker  roust  have  sufficient  adherence  to  the  Si  so  that  they  remain  in- 
tact during  the  surface  cleaning  step.  These  islands  must  also  be  small 
in  size  and  should  not  react  with  either  the  Si  or  the  silicide  forming 
metal  at  the  growth  temperature. 

Van  Gurp  et  al  (53)  deposited  a thin  Sn  film  which  forms  Islands  upon 
deposition,  then  a 30A  W film  was  deposited  and  the  Sn  island  dissolved. 

Tills  leaves  patches  of  U in  the  regions  between  the  original  Sn  islands. 
After  this,  Co  was  deposited  on  the  sample  surface  and  the  formation  of 
Co2Si  was  carried  out  at  temperatures  from  400“C  to  500“C.  The  growth 
kinetics  in  this  sample  was  the  same  for  those  samples  without  a W layer 
except  that  the  growth  starts  after  an  incubation  period  of  1 to  10  minutes. 
During  formation  of  the  silicide  layer,  the  position  of  W marker  shifted 
toward  the  surface  at  the  position  of  the  Co2Sl-metal  Interface.  This 
experiment  shows  that  it  is  possible  to  deposit  a metal  film  which  does 
not  Interfere  with  the  silicide  formation.  However,  further  experiments 
are  required  to  show  that  interface  drag  effect  do  not  control  the  marker 
motlor.. 

3.3c  Radioactive  Marker 

31 

A tracer  technique  using  radioactive  Si  has  been  applied  to  study 
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the  nature  of  mass  transport  during  the  solid  phase  epitaxial  growth  of 
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Si  on  <10U>  SI  with  amorphous  SI  as  a source  layer  and  Pd^Sl  compound 
as  an  intermediate  layer.  (55)  The  tracer  was  obtained  by  neutron  ac- 
tivation In  a nuclear  reactor  and  has  a half-life  time  of  2.62  hours  by 
emitting  beta  radiation.  By  determining  the  position  change  of  the 
tracer  before  and  after  the  epitaxial  growth,  it  is  found  that  the  sup- 
ply of  Si  to  the  growth  comes  indirectly  from  the  dissociation  of  the 
Pd2Si  rather  than  directly  from  the  amorphous  Si. 


l^icther  the  tracer  Si  can  be  used  as  a diffusion  marker  in  siliclde 
formation  is  an  interesting  question,  and  some  preliminary  results  of 
using  tracer  Si  as  a diffusion  marker  in  the  formation  of  Pd2Si,  Wi2^^ 
and  Co2Si  have  been  obtained.  (56)  These  results  showed  that  the  tracer 
Si  has  taken  part  in  the  reaction  of  slllcide  formation,  so  it  is  not  an 
inert  marker  and  can  not  be  used  to  determine  whether  the  metallic  or 
the  Si  is  the  dominant  diffusion  speclest  Nevertheless,  it  is  found  that 
at  low  temperatures  if  the  Interdlf fusion  of  Si  takes  place  by  grain 
boundary  diffusion,  the  tracer  Si  within  siliclde  grains  becomes  inert, 
then  it  should  be  possible  to  differentiate  mass  transport  in  the  lattice 
from  along  grain  boundaries  by  determining  the  position  change  of  the 
tracer  atoms.  It  seems  that  more  work  using  this  kind  of  marker  is  de- 
sirable. 

3.3d  Intermediate  Siliclde  Layer 

Tl'ere  have  been  several  cases  where  an  intermediate  siliclde  layer 


la  formed  such  as  HiSl  between  lli^Si  end  Si  or  Pd2Si  betiraen  Si  and 


CrSl2>  (57)  It  Is  tempting  to  describe  the  formation  of  the  outer 
slllclde  layer,  for  example  CrSl2  on  top  of  Pd2Sl,  as  being  due  to  the 
transport  of  SI  through  the  Intermediate  slllclde,  Pd2Sl  In  this  case. 

This  conclusion  can  not  be  supported  because  It  Is  possible  that  the 
Intermediate  slllclde  can  dissociate  giving  up  SI  atoms  to  form  CrSl2 
and  releasing  Pd  atoms  to  diffuse  through  the  remaining  Pd2Sl  to  form 
a new  layer  of  Pd2Sl  at  the  Sl-Pd2Sl  Interface. 

3.4  Diffusing  Species 

Table  VII  lists  the  slllcldes  In  which  the  diffusing  species  have 
been  Identified  by  means  of  marker  experiments.  Prom  the  Table,  one 
notices  that  metal  atoms  diffuse  In  the  cases  where  the  metal-rlch  slll- 
clde tl2Sl  Is  formed.  In  fact  for  the  three  slMcldes,  NI2SI,  Mg2Sl  and 
C02SI  the  metal  Is  the  dominant  diffusing  species.  Conversely,  in  the 
case  where  the  dlslllclde  Is  formed,  silicon  Is  the  diffusing  species. 

We  believe  that  the  same  pattern  will  be  found  In  other  dlslllcldes  If 
marker  experiments  are  carried  out. 

For  the  case  of  monoslllcldes,  SI  Is  again  the  dominant  diffusing 
species.  For  the  three  cases  listed,  the  monoslllclde  was  the  first  phase 
formed,  llarker  experiments  have  not  yet  been  performed  In  those  roono- 
slllcldes  which  form  after  the  metal-rlch  slllclde. 

There  Is  a consequence  to  the  slllclde  growth  when  one  species  domi- 
nates In  the  diffusion.  Vacancy  accumulation  should  occur  at  the  Sl- 
slllclde  interface  if  Si  is  the  diffusing  species.  This  might  lead  to 
poor  slllclde  adhesion  and  Impaired  electrical  contact.  Such  effect  has 
been  found  with  W on  SlCe  alloy.  (60) 
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3.5  llarker  Analysis 

In  the  last  section,  the  application  of  marker  studies  has  been  used 
mainly  to  identify  the  dominant  diffusion  species  during  slllcide  forma- 
tion. It  is  well  known  from  Oarken's  analysis  (50)  of  marker  motion  in 
bulk  diffusion  couples  (49,61,62)  that  the  intrinsic  diffusion  coefficient 
of  eacii  species  can  be  determined  from  marker  measurements,  so  there  is 
more  information  than  Identification  of  the  dominant  diffusion  species 
that  can  be  extracted  from  a marker  study.  For  details  of  Darken' s anal- 
ysis, readers  are  referred  to  the  original  paper  (50),  Chapter  5 in  Shewmon's 
(63)  or  in  Manning's  (64).  In  extending  Darken's  analysis  to  marker  study 
in  slllcide  formation,  we  realize  that  there  are  two  outstanding  featu'.'^s 
of  slllcide  formation  that  require  attention.  First,  we  arc  dealing  with 
a diffusion  couple  that  forms  compounds  rather  than  solid  solution.  At  the 
Interfaces  where  discontinuity  of  structure  and  composition  occurs  the  lat- 
tice is  being  destroyed  and  created  at  the  same  time,  so  the  continuity 
equation  or  Pick's  second  law  can  not  be  applied  there.  Instead,  we  must 
use  a growth  equation.  Second,  the  Interdiffusion  coefficient,  D,  in 
Darken's  analysis  is  measured  typically  by  the  use  of  Boltzmann-Matano  solu- 
tion, so  the  equation 


i ^2  ^1 

D - D,  ^ 


'1C  ^2  C 


(2) 


can  be  combined  with  the  marker  motion  equation, 

1 **^1 

■ c ‘“rt'  37- 

to  unravel  D^  and  D^  from  Here,  and  are  the  intrinsic  diffu- 
sion coefficient  of  component  1 and  2 in  the  alloy  of  composition 
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C"Cj^+C2,  respectively,  v Is  the  drift  velocity  measured  by  a marker  in 
a coordination  with  the  origin  located  at  one  end  of  the  couple  where 
no  interdiffusion  takes  place.  However,  in  a diffusion  controlled  growth 

'V, 

of  sllicide,  we  do  not  measure  D by  the  use  of  Boltzman-Matano  solution 
but  rather  we  measure  typically  a kinetic  parameter  "A"  from  the  rate  of 
growth  of  the  layer  based  on  the  relation  that 

“ At  (4) 

where  x and  t are  layer  thickness  and  time  of  growth,  respectively.  In 
general,  A is  similar  to  a diffusion  coefficient,  nevertheless  it  does 
not  equal  D.  Thus  we  must  find  out  how  A is  related  to  the  intrinsic 
diffusion  coefficients  and  D2.  We  should  point  out  that  Kldson  (65) 
has  shown  an  analysis  of  layer  growth  and  obtained  an  analytical  solu- 
tion of  A as  a function  of  Although  it  is  a rather  complicated  solu- 
tion, it  relates  A to  and  D2  indirectly  through  In  the  following, 
we  shall  take  Kldson' s approach  of  layer  and  extend  it  to  include 

marker  motion. 

In  Fig.  20,  a schematic  phase  diagram  and  concentration  profile  of 


the  metallic  elestent  during  tlie  formation  of  a sllicide  layer  between 
the  metal  and  Si  is  shown.  In  the  figure  and  equations  that  follow,  a. 


B and  6 represent  the  Si,  sllicide,  and  metal  phase,  respectively.  Also 
the  superscript  "1"  stands  for  metal  and  "2"  for  silicon.  At  the  inter- 
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and 


a3 


- D 


, dC  „ 
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a dx 
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are  the  flux  terms. 


’aB 


dt 


is  the  growth  velocity  of  the  oB  interface. 


Is  drift  velocity  of  the  slllclde  layer  as  a whole  measured  at  the 

aB  interface.  and  Dq  are  intrinsic  diffusion  coefficients  of  the  metal 
a ts 

in  u and  6.  respectively.  Substituting  Eqs.  (6)  and  Eq.  (7)  into  Eq.  (5), 
we  have 
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Similarly,  at  the  By  interface,  we  have 
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dt 
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Y dx 

By  B dx 
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Since  the  concentration  variation  across  the  silicide  layer  is  not  large, 
the  drift  velocities  v^g  and  Vg^  are  practically  equal.  Then  if  we  follow 
Kidson's  analysis  and  take 

ij  dA 

to  be  constant  at  the  ij  interface,  where  A ■ , we  obtain,  by  combining 

Eq.  (8)  and  Eq.  (9)  and  upon  integration,  the  following  equation 
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where  ~ ‘^B  layer  thickness  of  the  B phase,  and  is  the 

marker  displacement,  (2vt*x  ). 
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Equation  (10)  can  be  slnpllfled  In  certain  special  cases.  In  the  case 

where  one  species  Is  found  to  be  the  dominant  diffusion  species,  such  as  N1 

during  the  growth  of  Nl^Sl,  the  growth  takes  place  mainly  at  one  of  the 

Interfaces,  the  a3  Interface.  Then  we  can  assume  and  neglect 

the  first  term  on  the  right  hand  side  of  Eq.  (10).  Furthermore,  If  a 

plot  of  In  (Ua  *■  X ) against  4 shows  th-tt  the  relation  Is  linear,  It  means 
p ni  r 

either  the  activation  energies  are  about  the  same  or  one  of  the  terms  Is 
dominant.  Now,  if  we  assume  that  is  dominant  over  we  obtain 

a simplified  form  of  Eq.  (10)  In  the  following 


Wo  - X - 2t 

p ra 
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(11) 


Wlien  the  same  assumptions  are  applied  to  Kldson's  equation  of  layer 
growth,  (b5)  we  again  obtain  a simplified  form  for  the  layer  growth  where 
one  species  dominates  the  diffusion. 
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where  has  the  following  form  (see  Eq.  (2)). 
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and 
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By  subtracting  Eq.  (11)  from  Eq.  (12),  we  have 
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We  note  that  Cg  - - C^.  so  Eq.  (13)  In  fact  has  the  same  form  as 

Eq.  (3).  What  is  being  shovm  here  is  that  Eq.  (11)  and  (12)  can  be  re- 
duced back  to  Eq,  (2)  and  (3). 

1 2 

Combining  Eq.  (11)  and  Eq,  (12),  we  can  determine  and  Dg  provided 
that  the  other  parameters  can  be  measured.  Among  them,  the  measurement 
of  may  require  some  clarification.  Since  it  represents  the  driving 
force  of  the  diffusion,  it  is  directly  related  to  the  formation  energy, 

AH,  of  slllcide  in  the  case  of  slliclde  formation.  The  formation  energy 
of  slliclde  will  be  discussed  in  the  next  section. 

Using  the  simple  relation  that  p*RT  In  C where  y is  chemical  potential 
in  the  usual  sense,  we  obtain 


K ■ — C (^) 
*"ij  RT  ^ij  Mx'’lj 


(14) 


For  a first  order  approximation,  we  can  take  Ay  to  be  AU,  the  formation 
energy  of  slliclde  as  given  in  Table  IX.  Then,  in  the  case  of  growth  of 
NI2SI  (AH  - 11.2  Kcal/mole)  as  reported  in  Fig.  2a  in  Ref.  52,  we  found 
the  diffuslvity  of  Ni  and  Si  in  Nl^Si  at  325*C  to  be 


Dyi  - 1.7  X 10”^^  cm^/sec 


'Si 


0.6  X 10  cm^/sec  , 


(15) 


which  show  that  in  Nl^Sl  the  Nl  atoms  diffuse  faster  than  the  Si  by  a 
factor  of  3.  If  marker  motion  data  at  other  temperatures  become  avail- 
able, we  can  then  determine  the  diffusion  activation  energy  and  pre- 
exponential  factor  for  the  Ni  and  Si  separataly.  On  the  other  hand, 
using  the  activation  energy  of  1.5  eV  given  in  Table  II  for  Interdif- 
fusion in  Ui2Sl,  we  obtain  a diffuslvity  at  325*C  of  the  same  order  as 
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those  given  in  Eq.  (15)  provided  that  the  pre-exponential  factor  is 
about  0.1  to  0.01.  These  values  seen  reasonable  in  view  of  the  crude 
treatment  given  above. 

4 tfechanism  of  Silicide  Formation 
4.1  Introduction 

I 

From  the  viewpoint  of  phase  transformation,  silicide  formation  as 
presented  in  this  chapter  concerns  the  reaction  between  two  solid  phases 
in  direct  contact  to  form  ordered  Intermetallic  compounds  at  temperatures 
well  below  the  formation  of  any  liquid  phase.  The  reaction  is  uniaue  in 
that  it  occurs  between  two  different  kinds  of  solids:  the  substrate  is 
covalently  bonded  single  crystal  and  the  thin  film  is  metallic  and  fine- 
grained. From  the  summary  given  in  section  2.4,  one  finds  the  for- 
mation of  three  classes  of  silicides;  roetal-rlch  sillcldes,  monosllicides 
and  dlslllcldes.  Typically,  with  some  scattering  of  data,  they  start  to 
form  around  200*C,  400*0  and  600“C,  respectively.  The  mechanism  of  sili- 
cide formation  must  take  into  account  the  large  temperature  differences. 

Since  the  metallic  films  are  fine-grained,  we  expect  that  a fast 
mass  transport  of  metallic  atoms  can  occur  at  their  grain  boundaries. 

Even  for  those  high  melting  point  refractory  metals,  this 
also  seems  plausible  because  the  reaction  temperature  of  600*C  is  high 
enough  for  grain  boundary  diffusion  to  cake  place.  The  observation  that 
all  the  first  phase  disllicldes  of  refractory  metals  start  to  form 
around  600*C  Is  striking  in  view  of  the  large  varlaClon  of  melting  point 
of  the  metals.  This  suggests  Chat  the  supply  of  refractory  metal  atoms 
is  not  rate  limiting.  Otherwise  a much  wider  range  of  formation  tempera- 
ture should  have  been  found.  On  the  other  hand,  the  formation  of  matal- 
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rich  sillcldes  at  200‘‘C  which  is  about  0.3  of  the  absolute  melting  point 
of  SI  raises  the  question  that  how  can  Si  atoms  break  av;ay  from  Its  lat- 
tice at  such  a low  temperature.  It  seems  then  the  supply  of  SI  Is  crucial 
to  slllcide  formation.  The  mechanism  of  Si  supply  at  high  temperatures 
might  very  well  be  different  from  that  at  low  temperatures.  At  tempera- 
tures as  low  as  200*C,  phonon  energy  is  not  sufficient  to  dissociate  the 
covalent  bonds  In  SI,  so  other  mechanisms  to  free  a SI  from  Its  lattice 
must  be  invoked. 

IVlille  the  kinetic  data  shows  the  large  variation  In  slllcide  forma- 
tion and  allows  us  to  classify  the  sillcldes  accordingly,  the  mechanisms  cf 
formation  can  not  be  understood  without  also  knowing  the  thermodynamic 
data  of  sillcldes  since  the  driving  force  behind  the  formation  comes  from 
free  energy  change.  In  Fig.  21,  the  equilibrium  binary  phase  diagram  of 
Nl-Sl  Is  shown.  The  diagram  shows  that  there  are  six  Nl-Sl  Intermetalllc 
compounds  that  can  exist  below  the  lowest  eutectic  point  In  the  system. 

Tlie  compound  which  Is  next  to  Si  is  NISI2  and  Is  the  stable  phase  (the 
end  phase)  to  be  expected  when  the  reaction  is  complete.  Since  N1  Is 
shown  to  have  a solubility  of  Si  up  to  several  percent,  the  formation  of 
the  end  phase  could  be  preceded  by  solution  or  by  the  formation  of  the 
other  phases.  However,  substitutional  solution  can  only  occur  when  lat- 
tice diffusion  (via  vacancies)  takes  place.  Hence  at  low  reaction  tempera- 
' tures,  the  formation  of  the  other  phases  is  more  likely.  Here  a difficult 
question  arises  as  to  whether  we  can  predict  the  first  phase  nucleatlon 
and  growth.  In  the  following,  we  shall  first  discuss  the  thermodynamic 
data,  then  the  kinetic  mechanism  of  ailiclde  formation,  and  finally  the 
problems  of  predicting  first  phase  nucleatlon. 
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4.2  Thennodynainic  Data  of  Metal-Sl  Systems 
4.2a  The  End  Phase 

The  end  phase  of  silicides  which  Is  stable  with  Si  for  various  metallic 
elements  was  first  given  systematically  using  the  periodic  table  by  Lepselter 
and  Andrews.  (1)  Figure  22  is  a reproduction  of  theirs  with  a minor  change. 
The  Au  is  now  shown  to  form  a metastable  metal-rich  silicide  with  Si.  (66) 

A trend  that  can  be  seen  in  Fig.  22  is  that  from  left  to  right  the  end 
phases  shows  an  increase  in  its  metal  concentration;  disilicide,  monosilicide, 
metal-rich  silicide,  and  finally  metal  with  a small  amount  of  Si  as  solute. 

An  obvious  correlation  to  the  trend  is  the  lowering  of  melting  point  of  these 
end  phases,  but  other  than  that,  whether  it  has  any  correlation  to  the  mecha- 
nism of  silicide  formation  is  not  at  all  clear  at  present. 

4.2b  Solubility  and  Dlffuslvlty 

The  solubility  of  Si  in  metallic  elements  can  be  simply  presented  by 
using  the  Darken-Gurry  plot,  (67)  which  is  reproduced  in  Fig.  23.  The 
metallic  elements  are  classified  into  four  groups  according  to  their  solu- 
bility of  Si  as  given  in  the  insert  on  the  upper  right  comer.  Elements 
such  as  Ni,  Co,  Fe  and  V that  possess  a large  solubility  of  Si  are  scat- 
tered close  to  Si  in  the  plot,  and  Chose  that  are  immiscible  with  Si  are 
found  to  locate  far  away  from  Si.  Data  of  solubility  is  important  in 
detaniinlng  whether  there  is  dissolution  before  silicide  formation.  In 
reacting  Ni  and  V with  Si,  no  noticeable  solution  of  Si  in  these  metals 
was  found  preceding  Che  silicide  formation.  But  Si  was  found  to  disolve 
into  Fe  film  up  to  25  at.  Z at  400*C  before  the  formation  of  FeSi  takes 
place.  (40) 
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The  plot  can  not  be  used  to  deal  with  the  solubility  of  metallic 
elements  in  SI.  One  reason  Is  that  the  plot  was  constructed  by  using 
the  atomic  radius  of  Si  of  12  coordinations.  It  is  known,  with  no  excep- 
tions, that  Si  has  an  extremely  small  solubility  of  metallic  elements. 

Yet,  such  a low  solubility  limit  is  hard  to  reach  at  low  temperatures  if 
the  solute  has  to  take  substitutional  sites  in  Si  by  a vacancy  mechanism 
of  diffusion.  This  is  due  to  the  high  formation  energy  of  vacancy  in  Si. 

On  the  other  hand,  there  are  metals  which  are  known  to  be  fast  dlffusants 
in  Si  with  an  activation  energy  of  about  leV.  (68)  Table  VIII  lists  the 
available  data  of  self  and  some  solute  diffusion  In  SI.  Most  of  these 
data  were  obtained  by  tracer  technique  using  SI  samples  at  equilibrium 
state  with  no  excess  point  defects.  The  Table  shows  that  the  noble  and 
near  noble  metals  can  diffuse  In  Si  much  faster  than  SI  Itself.  The  fast 
diffusion  can  occur  at  a temperature  as  low  as  ZOO^C,  and  it  is  most  likely 
by  a dissociative  interstitial  diffusion.  Uo  diffusion  data  of  refractory 
metals  in  Si  is  available.  One  measurement  of  Ti  diffusion  in  Ge  showed 
that  it  is  slower  than  Ge  self  ddiffusion.  (69)  Because  of  their  high 
valence  electrons  and  large  atomic  size,  refractory  metals  are  expected  to 
dissolve  and  diffuse  substltutlonally  in  Si  (Cr  might  be  an  exception). 

Since  a substitutional  diffusion  will  require  an  activation  energy  compar- 
able to  that  of  self  diffusion,  refractory  metals  therefore  are  not  expected 
to  dissolve  into  Si  at  temperatures  such  as  200”C. 

4.2c  Formation  Energy  of  Sillclde 

Table  IX  lists  the  free  energy  of  formation  of  slllcldes  expressed  in 


^ ]. 


units  of  kcal/g-atom.  (80-82)  The  middle  column  in  the  Table  shows  the 
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slllcides  of  T1  and  Zr,  and  they  are  characterized  by  a larger  formation 
energy  of  monosiliclde  than  that  of  dlsillclde.  The  right  hand  column  are 
slllcides  of  the  rest  of  the  refractory  metals  and  is  characterized  by 
having  no  monosiliclde  (except  CrSi)  and  also  by  the  large  formation  energy 
of  the  dlsillclde.  For  example,  VSi2  is  found  to  have  the  largest  forma- 
tion energy  per  g-atoro  among  all  the  slllcides  in  Table  IX.  Compared  to 
other  disllicides,  the  formation  energy  seems  surprisingly  high.  From  the 
summary  given  in  section  2.4,  the  temperature  of  disillcide  formation  for 
these  metals  is  about  bOO’C.  At  this  temperature,  if  we  assume  that  the 
kinetics  is  fast,  l.e.  not  a limiting  factor  and  so  energy  change  will 
dictate  the  selection  of  sllicide  formation,  the  dlsllicide  is  favored. 
Indeed,  dlsillclde  is  the  only  observed  growth  phase  for  these  metals.  Tor 
slllcides  of  Tl,  Zr  and  Hf,  the  formation  of  TiSl  and  HfSl  occurs  at  tem- 
peratures above  500“C.  The  formation  of  these  monosilicldes  is  not  only 
favored  by  their  high  energy  of  formation  but  also  by  their  simpler  crystal 
structure  as  compared  to  that  of  dlsillcldes.  The  unit  cell  of  monosiliclde 
of  Ti,  Zr  and  Hf  (FeB  type)  has  8 atoms  wtille  the  unit  cell  of  their  disili- 
cide  (C49  type)  has  12  atoms.  Although  the  energy  of  formation  of  these 
two  unit  cells  are  about  the  same,  the  monosiliclde  is  kinetically  favored 
because  of  lesser  number  of  atoms  Involved  in  the  nucleation  and  growth. 

In  a few  cases,  the  sllicide  MjSl^,  where  M stand  for  the  refractory  metals, 
is  shown  in  Table  IX  to  have  a higher  formation  energy  than  that  of  mono- 
siliclde or  dlsillclde.  But  the  formation  of  this  sllicide  can  only  occur 
when  the  supply  of  Si  is  limited,  otherwise,  it  Is  obvious  that  the  for- 
mation of  five  molecules  of  monosiliclde  or  disillcide  Is  energetically 
more  favorable  than  the  formation  of  one  molecule  of  Il^Sl^. 
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The  left  hand  column  In  Table  IX  gives  the  formation  energy  of  slllcldes 
of  other  transition  metals  and  Ilg.  Here,  no  obvious  trends  can  be  given 
based  on  the  energies.  However,  the  metal-rich  slllcldes  are  characterized 
by  their  low  temperature  formation.  At  a low  temperature,  whether  atoms  can 
jump  or  not  often  plays  a more  significant  role  in  controlling  the  formation 
than  the  available  energy  change.  The  mechanism  of  formation  of  these  metal- 
rich  slllcldes  will  be  discussed  later. 

4. 2d  Interfacial  Energy 

During  a single  phase  slllclde  formation,  the  three  Interfaces  of  our 
concern  are  the  metal-silicon,  metal-sillcide , and  silicide-sillcon  interfaces. 
The  nucleatlon  of  a slllclde  can  be  better  understood  If  we  know  the  magnitude 
of  these  interfacial  energies,  yet  unfortunately,  there  is  no  such  data  in  the 
literature.  Also  the  growth  rate  of  a slllclde  may  depend  on  the  structure 
of  Its  Interfaces.  Since  the  Si  substrate  Is  a single  crystal,  the  slllclde 
that  grows  epitaxially  on  the  SI  could  develop  a coherent  or  semlcoherent 
interface  with  the  SI,  depending  on  the  amount  of  mismatch.  For  example, 

Pd2Si  la  known  to  grow  epitaxially  on  the  (111)  surface  of  Si  with  a very 
small  mismatch,  so  their  Interface  can  be  regarded  as  coherent.  A coherent 
Interface  is  low  in  free  energy;  this  may  be  one  of  the  reasons  for  the 
rather  easy  formation  of  Pd2Sl  during  the  deposition  and  its  rather  high 
stability  with  respect  to  the  transformation  to  PdSl.  On  the  other  hand, 
the  epitaxial  growth  raises  a question  concerning  how  the  Interface  can 
maintain  its  coherency  while  moving  Into  the  (111)  SI.  A further  discussion 
of  this  question  will  be  given  later. 

4.3  Kinetic  Mechanism  of  Slllclde  Formation 
Tite  crucial  step  in  the  kinetics  of  slllclde  formation  Is  how  to  maln- 
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tain  the  supply  of  Si  by  breaking  the  bonds  in  the  substrate.  For  the 
formation  of  disilicide  of  refractory  metals,  the  bond-breaking  probably 
takes  place  at  weak  spots  on  silicon  surface  such  as  kinks  and  ledges. 

Thus  a high  reaction  temperature  is  required  to  supply  to  a phonon  the 
needed  energy  to  free  those  surface  atoms.  Hence,  the  thickening  rate 
of  disilicide  at  the  early  stage  of  growth  is  linear,  and  marker  studies 
show  that  SI  atoms  are  the  dominating  diffusing  species.  For  the  for- 
mation of  metal-rich  sllicide  of  near  noble  metals,  the  bond-breaking 
can  not  rely  on  phonon  energy  alone  because  the  formation  temperature 
is  too  low,  instead  an  interstitial  mechanism  has  been  proposed.  (9) 

The  interstitial  mechanism  is  based  on  the  correlation  that  metals 
that  can  diffuse  interstitially  in  Si  are  the  metals  that  can  react  with 
Si  at  low  temperatures.  The  consequences  of  a metal  atom  jumping  into  an 
interstitial  site  in  Si  are  that  it  increases  the  number  of  nearest  neigh- 
bor of  its  surrounding  host  atoms  and  at  the  same  time  leaves  a vacancy 
behind.  Tlie  increase  of  the  number  of  nearest  neighbor  of  a Si  atom 
weakens  its  bonds  due  to  charge  transfer.  The  weakened  bonds  can  be  re- 
garded as  being  transformed  from  a covalent  type  to  a metallic  type.  In 
a band  picture,  charge  transfer  from  a saturated  covalent  bond  means  the 
formation  of  a hole  in  the  valence  band.  Vfhile  a hole  is  not  localized 
at  a bond  as  is  mandated  by  the  uncertainty  principle,  the  bond-breaking 
of  one  particular  Si  atom  may  require  the  combined  effect  of  several 
interstitials  near  the  interface.  Since  the  interface  has  a larger 
free  energy  than  the  Si  lattice,  it  is  pcsslble  that  under  the  driving 
force  of  reaction  it  can  take  a higher  concentration  of  interstitials. 
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The  interstitial  mechanism  depends  on  a continuous  supply  of  metal 
atoms  to  the  slllclde-slllcon  Interface  to  keep  the  reaction  going.  Thus 
it  is  no  surprise  to  find  from  marker  studies  that  metal  atoms  are  the 
diffusing  species  in  the  formation  of  all  metal-rich  sillcides.  Without 
free  metal  atoms  to  form  interstltitals , the  growth  will  stop.  The  growth 
rate  then  depends  on  how  fast  can  the  metal  atoms  reach  the  Interface.  It 
is  a diffusion  limited  growth  and  so  it  obeys  the  parabolic  rule.  Also  be- 
cause a metal-rich  siliclde  tends  to  favor  the  diffusion  of  the  metal  atoms, 
the  growth  of  a metal-rich  siliclde  is  selected.  (9) 

A similar  interstitial  mechanism  has  been  used  implicitly  by  Buckley 
and  Moss  (13)  to  explain  the  initial  epitaxial  growth  of  Pd2Sl  on  (111) 
surface  of  Si.  Figure  24  is  a reproduction  of  Fig.  3a  in  their  paper. 

It  shows  the  basal  plane  of  Pd2Sl  which  has  a hexagonal  unit  cell  with 
a*‘13.055A  and  c>27.490A  containing  288  atoms.  The  dark  circles,  arranged 
in  a hexagonal  net,  represent  Si  atoms  in  the  siliclde.  The  net  is  iden- 
tical to  the  (111)  plane  of  Si  if,  the  dotted,  but  missing.  Si  atoms  at 
position  A are  Included.  For  Che  formation  of  the  first  layer  of  Pd2Sl 
on  (111)  Si,  we  quote  from  their  paper  Che  following  sentence,  "The  Pd 
atoms  drop  into  Che  three  positions  around  A and  force  the  central  silicon 
atom  out  of  Che  way  moving  it  up  between  them  so  that  it  nests  on  cop  of 
them  to  form  the  second  plane  of  the  alllcide."  It  is  obvious  that  the 
three  positions  around  A are  Che  interstitial  sites  in  Si.  What  is  also 
implicit  in  their  paper  is  that  the  subsequent  growth  requires  the  same 
action  of  interstitial  Pd  atoms  in  order  to  remove  Si  from  its  lattice, 
therefore  the  diffusion  of  Pd  through  Pd2Si  is  important.  Furthermore, 
as  we  have  discussed  before,  the  diffusion  of  Si  alone  will  lead  to  va- 
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cancy  condensation  forming  voids  at  the  Pd2Sl-Sl  Interface  and  will  cause 
a poor  adhesion  and  Impair  the  contact,  yet  Pd2Sl  Is  known  to  show  good 
adhesion  and  contact  on  SI.  So,  the  formation  of  Pd2Sl  can  not  take  place 
by  the  diffusion  of  SI  alone. 

We  have  presented  two  very  different  pictures  of  growth  of  slllcldes, 
one  for  the  dlslllclde  of  refractory  metals  and  another  for  the  metal-rlch 
slllclde  of  near-noble  metals.  It  should  be  pointed  out  that  some  slll- 
cldes seem  to  fall  on  the  border  lines  of  these  two  mechanisms.  Notably, 

CrSl2  can  form  at  450*0  and  C02SI  has  yet  to  be  found  to  form  below  350®C. 

It  seems  that  until  we  understand  how  SI  bonds  are  broken  In  these  cases, 
the  fine  detail  of  the  formation  of  these  slllcldes  can  not  be  given. 

For  the  monoslllcldes , we  recall  that  they  can  be  the  first  growth 
phasu  or  their  formation  can  be  preceded  by  the  metal-rlch  phase  as  shown 
In  Table  I.  In  the  latter  cases,  the  formation  will  be  Influenced  by  the 
dissociation  of  the  preceding  phase.  \^en  a monoslllclde  becomes  the  first 
growth  phase,  the  mechanism  of  supply  of  SI  Is  not  clear  for  all  the  metals 
that  fall  Into  this  class,  partly  because  the  kinetic  data  Is  not  complete. 

We  expect  tnac  the  Interstitial  mechanism  works  for  metals  like  Fe  end  Rh. 

Although  the  formation  temperature  of  FeSl  at  450*C  Is  higher  than  the  ex- 
pected, It  Is  possible  that  the  difference  in  the  diffusion  of  metal  atoms 
through  a metal-rlch  slllclde  and  through  a monoslllclde  has  caused  the 
higher  formation  temperature  of  the  latter.  But  for  Tl,  Zr  and  Hf,  while 
the  mechanism  may  depend  mainly  on  phonon  energy,  we  suspect  that  there 
r may  be  a small  contribution  to  bond-breaking  that  comes  from  a direct  In- 

teraction (no  Interstltlale)  between  SI  and  these  metal  atoms.  The  Inter- 
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action  is  quite  strong  as  can  be  seen  from  the  very  high  formation  energy 
of  their  alllcldes  as  given  In  Table  IX.  The  presence  of  some  of  the 
metal  atoms  at  the  monosillclde-sillcon  interface  is  expected.  Yet  the 
detail  of  the  Interaction  Is  not  clear  at  all. 

4.4  Prediction  of  First  Phase  Nucleation 

Walser  and  Bene  (83)  have  published  a rule  about  the  first  phase  nu- 
cleation In  slllcon-transitlon-metal  planar  Interfaces.  The  concept  be- 
hind the  rule  Is  that  an  amorphous  phase  is  assumed  to  form  at  the  inter- 
face between  the  SI  and  metal  during  the  deposition  of  the  metal  which  re- 
sembles a fast  quenching  of  metallic  atoms  onto  the  SI  surface.  Upon 
annealing  at  the  slllclde  formation  temperature,  the  slllclde  which  has  a 
concentration  near  that  of  the  amorphous  phase  will  nucleate  first.  The 
concentration  of  the  amorphous  phases  Is  to  be  found  near  a deep  eutectic 
point  In  the  phase  diagram,  based  on  an  earlier  suggestion  of  Cohen  and 
Turnbull.  (84)  Then  the  rule  of  Walser  and  Bene  is  to  take  the  higher 
melting  point  slllclde  neighboring  the  deepest  eutectic  point  (the  most 
stable  congruently  melting  slllclde)  In  the  binary  phase  diagram  as  the 
first  nucleated  phase. 

Tliere  are  several  aspects  of  the  rule  and  Its  predicted  phases  which 
require  further  clarification.  First,  the  concept  Is  based  upon  the  for- 
mation of  an  amorphous  phase  with  a rather  narrow  concentration  range  at 
the  Interface  between  SI  and  metal,  yet  it  Is  known  that  the  evaporated 
binary  amorphous  alloys  can  exist  over  a very  wide  concentration  range. 

(85)  Next,  for  the  most  well-established  amorphous  alloy  of  Pdg^^Sl^^,  It  la 
known  that  the  alloy  upon  heat  treatment  transforms  into  the  crystalline 
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Pd^Sl  rather  than  the  Pd2Sl  as  predicted.  (86)  The  rule  when  applied  to 
Pt-Sl  system  Is  somewhat  ambiguous;  It  Is  difficult  to  choose  between 
PtjSl  and  Pt2Sl.  Both  are  on  the  same  side  to  the  deepest  eutectic  point 
in  the  diagram.  \fl»ile  Pt2Si  his  a higher  melting  point,  Pt^Si  is  closer 
to  the  eutectic  concentration.  Then  too,  with  Ni  sllicldes,  the  prediction 
that  follows  the  rule  would  be  NISI,  but  all  measurements  on  Hi-Si  showed 
Ni2Sl  as  the  first  phase  to  form.  In  private  communication,  Walser  sug- 
gested the  use  of  eutectold  in  this  case,  but  it  remains  to  be  shown  how 
one  can  extend  the  concept  of  amorphous  phase  formation  to  a eutectoid 
point  where  no  melting  occurs  and  all  the  phases  are  solid  phases.  Further- 
more, the  prediction  does  not  apply  to  the  cases  of  Tl-Si  and  Mn-Sl  where 
monosilicide  is  the  observed  first  growth  phase  rather  than  the  predicted 
TiSi2  and  lln^Sl^.  Finally,  of  course,  one  more  difficulty  is  that  we  have 
been  concerned  with  growth  phase  in  sllicide  formation,  yet  the  prediction 
is  for  the  nucleation.  As  it  has  been  shown  by  Kldson's  analysis  (65)  that 
a nucleated  phase  could  be  wiped  out  in  the  growth  stage  due  to  unfavorable 
kinetic  parameters  of  the  growth,  whether  the  first  growtli  phase  can  be 
taken  to  be  the  first  nucleated  phase  remains  to  be  proven. 

5 Conclusion 

In  conclusion,  this  report  is  intended  to  give  an  overview  of  slll- 
cide  formation.  Although,  we  obtain  a very  systematic  pattern  of  sllicide 
formation,  it  is  clear  that  further  work  must  be  carried  out  to  understand 
both  the  physical  mechanism  involved  in  sillclde  growth  and  the  influence 
of  other  parameters  such  as  stress  and  impurities.  The  present  overview 
strongly  suggests  that  more  work  is  required  to  clarify  the  microstructure 
of  sllicldes  in  terms  of  defects  and  also  to  clarify  the  nature  of  the 
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first  phase  that  nucleates.  Many  of  the  models  that  we  have  suggested 
need  verification.  The  more  detailed  analysis  of  marker  motion  should 
be  pursued  over  a wider  range  of  slllcldes.  These  are  but  a few  of  the 
areas  that  require  fruther  Investigation. 
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TABLE  I 


suicide  Fornatlon  by  Contact  Reaction 


Eleoents 

suicides 

Mg 

Mg2Sl 

(only  phase) 

Ft,  Pd 

Pt2Sl 

PtSl 

(end  phase) 

Nl,  Co 

NI2SI 

NISI 

NISI, 

(end  phase) 

Tl,  (Zr),  Hf 

Fe,  Rh,  Ita 

HfSl 

HfSl2 

V,  IJb,  Ta 

Cr,  tlo,  W 

VSI2 

Table  I 


suicide  Fornatlon  by  Contact  Reaction 
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TABLE  II 


Formation  of 

Metal  Rich 

suicide,  M2 

Si 

Silicide 

Formation 

Temperature 

“C 

Activation 
Energy  of 
growth,  eV 

Growth 

Rate 

Crystal 

Structure 

Melting 

Point 

“C 

A 

Density 

g/cm^ 

References 

Ni2Si 

200  % 350 

1.5  eV 

tl/2 

Orthorhombic 

PbCl2 

1318 

7.23 

15,16,19 

Pd2Si 

100  'V'  700 

1.3-1. 5 eV 

tl/2 

Hexagonal 

Fe2P 

1330 

4,13,1A,17 

29,30,31 

Pt2Si 

200  -v*  500 

1.1-1. 6 eV 

tl/2 

Tetragonal 

CUAI2 

1100 

32,33,34 

Mg2Sl 

> 200 

Cubic 

CaF^ 

1102 

35 

Co  Si 

350  -v-  500 

1.5  eV 

tl/2 

Orthorhombic  1332 

36,37 

PbCl^ 

* 3 

Density  of  Si  is  2.33  g/cm 


Table  II 


Formation  of  Metal-Rlch  Slllclde 
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TABLE  III 

Formation  of  Monos 1 llclde , MSI 


suicide 

Formation 

Temperature 

“C 

Activation 
Energy  of 
Growth,  eV 

Growth 

Rate 

Crystal 

Structure 

Melting 

Point 

Density 

g/cm 

PtSl 

(end 

Phase) 

> 300 

1.6 

tl/2 

Orthorhombic 

MnP 

1229 

PdSi 

(end 

Phase) 

^ 700 

Orthorhombic 

MnP 

1100 

NISI 

350-750 

Cubic 

B20 

992 

CoSl 

425-500 

1.9 

tl/2 

Cubic 

B20 

1460 

6.5 

FeSl 

450-550 

1.7 

tl/2 

Cubic 

B20 

1410 

RhSl 

Cubic 

B20 

HfSl 

550-700 

2.5 

tl/2 

Orthorhombic 

FeB 

TiSl 

500 

Orthorhombic 

FeB 

1760 

4.21 

MnSl 

400-500 

Cubic 

B20 

1275 

References 

1,32,33, 

34,38 

31 

18,19,39 

36,37 

40 

41,42,1 

10 

23 

43 


Table  III 


Formation  of  Monoslllclde 
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TABLE  IV 

Formation  of  Dlslllclde,  MSI2 


Silicide 

Formation 

Temperature 

"C 

Activation 
Energy  of 
Growth,  eV 

Growth 

Rate 

Crystal 

Structures 

Melting 

Point 

“C 

Density 

g/cm 

References 

TiSi2 

600 

Orthorhombic 

1540 

3.S 

23,44 

ZrSi2 

700 

Orthorhombic 

1700 

1.^3 

HfSi2 

750 

Orthorhombic 

1950 

10 

V Si2 

600 

2.9,  1.8 

t 6 t^/2 

Hexagonal 

1750 

20,21 

NbSi2 

650 

Hexagonal 

1930 

45 

TaSi2 

650 

Hexagonal 

2200 

46 

CrSi2 

450 

1.7 

t 

Hexagonal 

1550 

4.91 

43,44 

MoSi2 

525 

3.2 

t 

Tetragonal 

2050 

44,47,47a 

W Si2 

650 

3 

t 6 t'/^ 

Tetragonal 

2165 

48,47a 

NiSi2 

750 

Cubic  (CaF2) 

993 

18 

CoSi2 

550 

Cubic  (CaF2) 

1326 

36,37 

FeSi2 

550 

Tetragonal 

1212 

4.54 

40 

MnSi2 

800 

Tetragonal 

1150 

43 

Table  IV  Formation  of  Dislllcide 


( 


53 


TABLE  V 

Metal  - SIO2  Reaction 

Metal  Oxide  Metal  Silicide 


* 


Au 

No 

No 

Al,  Sn 

Pb 

Yes 

Ho 

Pt 

No 

Yes 

Fe,  Co,  Ui 

Cr,  Mo,  W 

V,  Mb,  Ta 

Tl,  Zr,  Hf 

Yes 

Yes 

It  forms  a raetastable  silicide.  (66) 


Metallic 
Element,  M 


Reaction  Between  Metal  and  SiO^ 


Table  V 
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TABLE  VI 

Comparison  of  Reaction  Products  of  Ti,  V and  Nb 
on  Si  and  SIO2  Substrates  Heat  Treated  in  Vacuum 


s t r a t e 

Elements 

SI  SIO2 

Intermediate  Surface 

Layer  Layer 

Backscattering 

Ti:Si  - 0.5  Ti:Si  - 1.6  Ti;0  -v  1 

Tl  X-ray 

Diffraction 

TISI2  TljSl^  unidentified 

Reaction 

Temperature 

> SOO^C  > 700°C 

Backscattering 

I V:Si  - 0.5  V:S1  - 3 V:0  1 

V X-ray 

Diffraction 

1 — — 

VSI2  V^Si  '^2°5 

Reaction 

Temperature 

> 500*C  > 700*C 

Backscattering 

Nb:si  1.7  Nb:Si'v*1.7  Nb  :0  'v  1 

Nb  X-ray 

Diffraction 

HbSl2  Nb2Sl(fcc)  unidentified 

Reaction 

Temperature 

> 650"C  > 900*0 

Comparison  of  Reaction  Products  of  Ti,  V and  Nb  on  SI 
and  SIO2  Substrates  Heat  Treated  In  Vacuum 


Table  VI 


TABLE  VII 


Marker  Experiments  In  Sillclde  Formation 

Dominant 

Element  Sillclde  Diffusing  Species  References 


N1 

NljSl 

N1 

16,52 

Mg 

MgjSl 

Mg 

35 

Co 

C02SI 

Co 

53 

Pd 

Pd2Sl 

Pd,  SI 

35 

Pt 

Pt2Sl 

Pt.Sl 

9,34 

Fe 

FeSl 

SI 

40 

Hf 

HfSl 

SI 

58 

Rh 

RhSl 

SI 

59 

T1 

TISI2 

SI 

35 

V 

V Slj 

SI 

35 

Table  VII 


Marker  Experlmenta  In  Sillclde  Formation 
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TABLE  VIII 

Self  and  Solute  Diffusion  Coefficient  in  Si 


Element 

D(cm  /sec) 

References 

Cu 

4.7xl0"^exp(-0.43/kT) 
(300“C  - 700“C) 

70 

Ag 

2xl0“^exp(-1.6/kT) 

(ilOO'’C  - 1350*0 

71 

Au 

2.4xl0"^exp(-0.39/kT) 
(700'’C  - 1300*0 

72 

A1 

8 exp  (-3.47/kT) 

(1085*C  - 1375*0 

73 

Si 

1.81xl0‘^exp(-4.86/kT) 
(900*C  - 1300*0 

74,72 

As 

60  X exp  (-4.2/kT) 

(850*C  - 1150*0 

75 

Cr 

< lO"®  (1200*0 

76 

lin 

> 2xl0"^  (1200*0 

77 

Fe 

> 5 X lO"® 

(100*C  - 1115*0 

76 

N1 

1.57x10“^  (800*0 

78 

Pt 

Similar  to  Au  in  SI 

79 

Table  VIII 


Self  and  Metallic  Solute  Diffusion  Coefflclenta  In  SI 


57 


TABLE  IX 

Free  Energy  of  Formation  of  Slllcldes 
AH,  Kcal/g  - atom 


(Data  from  H.B.  of  Materials,  Smlthells' , and  Searcy  and  Flnnle) 


Mg2Si 

- 

6.2 

TijSij  - 17.3 

V^Sl  - 6.5 

TiSi  - 15.5 

VjSi^-  11.8 

FeSi 

- 

8.8 

TiSl2  - 10.7 

V SI2-  24.3 

FeSi^ 

- 

6.2 

Zr2Si  - 16.7 

Nb^Si^-10.9 

Co2Si 

- 

9.2 

Zr^Si^  - 18.3 

NbSi2  -10.7 

CoSl 

- 

12 

ZrSi  - 18.5,17.7 

CoSi^ 

- 

8.2 

ZrSl2  - 12.9,11.9 

Ta5Si^-9.5 

TaSl2  -8. 7,9. 3 

NI2SI 

- 

11.2,10.5 

HfSl 

NISI 

- 

10.3 

HfSl2 

Cr^Si  -7.5 

Cr,;Sl,-8 

5 3 

Pd2Sl 

- 

6.9 

CrSi  -7.5 

PdSi 

- 

6.9 

CrSi2  -7.7 

Mo^Sl  -5.6 

Pt2Sl 

- 

6.9 

MOjSl^-8.5 

PtSi 

- 

7.9 

M0SI2  -8.7,10.5 

RhSl 

- 

8.1 

W^Slj  -5 

WSI2  -7.3 

Table  IX  Formation  Energy  of  Silicidae 
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SOURCE j r "p  “ V__  drain 


Fig.  1.  A schematic  FET  structure. 
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Fig.  2.  Schematic  metallization  steps  In  forming  a slllclde  contact 
on  SI. 

a)  Oxide  window  before  Pt  deposition. 

b)  Sintering  to  complete  PtSl  formation. 

c)  The  contact  structure  after  barrier  and  A1  deposition. 


1 

.a 


SEM  micrographs  of  spike  formation  aro  i.id  the  periphery 
of  a contact  area. 
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TO 


90 


l-'iK.  5.  X-ray  ilit'fractlon  spoctrum  of  a lieut  treatotl  Ni  film  on  Si  ol)- 
tainud  witli  Scumann-IJolilin  x-ray  ilif fractoncter. 
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Fig.  6.  Tranamisalon  •Icctrog  aicrographa  and  diffraction  patterna  ol 
Ni2Si  foraad  by  1600a  of  HI  (a)  on  (100)  Si  and  annealed  at 
lOO^’c  for  5 hra.  and  (b)  on  (111)  Si  and  annealed  at  323°C  for 
380  ain.  The  average  gralna  alae  of  Ni.Sl  la  about  600X  in  (a) 

and  1300  to  1400a  in  (b).  The  diffraction  patterna  in  the  lat-  4 

ter  caae  indicataa  that  the  Ni2Si  is  textured. 

i 


Fig.  7. 


Rutherford  baclcscattcrlng  spectra  of  a 2000X  N1  filn  on  Si 
before  and  after  annealed  at  250°C  for  1 and  4 hours. 
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Fig.  8. 


Auger  depth  profiles  of  a sample  of  NI 
after  the  reaction  at  250  C for  1 hour 


Nl^Sl. 


film  on  Si  before  anj 
to  form  the  sllicide 
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ENERGY  (MeV) 


Fig.  9.  Backscattering  spectra  of  a sample  of  Ni  on  Si  sho^^ing  the 
sequential  formation  of  Ni2Si  and  NiSi. 
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Fig.  10.  Data  of  parabolic  growth  of  Ni2Si. 
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2 0 MtV  H9* 


4500 


Fig.  12.  The  width  AW  of  the  plateaus  in  the  Hf  peak  as  a function  of 
(tiine)^'^  for  three  1500X  Hf  films  deposited  on  <100>  (X)  and 
<111>  (0)  Si  at  200*C  and  on  <100>  Si  at  ADO^C  (A). 


TfCl 


Fig.  13. 


2 

The  plot  of  (AW)  /t  against  1/T  to  determine  the  activation 
energy  of  growth  of  HfSi. 


VSi2  FORMED  (A) 
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SlIClOE 


MARKER 


SILIClOE 


SILIClOE 


MARKER 


MARKER 


METAL  DIFFUSION 


Si  DIFFUSION 


Fig.  16.  Schematic  diagram  of  marker  motion  In  slllcide  formation 


Schematic  diagram  of  a apherlcal  marker  (a)  at  the  slllclde-Sl 
interface  and  (b)  to  be  burled  In  the  alllclde. 


( fl ) Si  DIFFUSION  ( b ) METAL  DIFFUSION 

(INTERFACE  DRAG) 


Fig.  18.  Schematic  diagram  showing  the  dragging  of  a diffusion  marker 
by  the  sillclde-Si  Interface,  (a)  Si  is  the  dominant  dif- 
fusing species,  (b)  Itetal  atom  is  the  dominant  diffusing 

species. 
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Fig.  20.  Schematic  binary  phase  diagram  and  the  concentration  profile  o' 
metallic  elements  during  silicide  formation. 
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Fig,  22,  A partial  periodic  table  showing  the  metallic  elements  and  their 
end  phase  that  Is  stable  with  Si, 


t 

Fig.  23,  Darken  and  Gurry  plot  of  electronegativity  vs.  atomic  radius  to  I 

show  the  solubility  of  SI  In  various  metals.  I 
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